• Premise of study: Molecular phylogenetics of genome-scale data sets (phylogenomics) often produces phylogenetic trees with unprecedented resolution. A companion phylogenomics analysis of Daucus using 94 conserved nuclear orthologs supported many of the traditional species but showed unexpected results that require morphological analyses to help interpret them in a practical taxonomic context. • Methods: We evaluated character state distributions, stepwise discriminant analyses, canonical variate analyses, and hierarchical cluster analyses from 40 morphological characters from 81 accessions of 14 taxa of Daucus and eight species in related genera in an experimental plot.
• Key results: Most characters showed tremendous variation with character state overlap across many taxa. Multivariate analyses separated the outgroup taxa easily from the Daucus ingroup. Concordant with molecular analyses, most species form phenetic groups, except the same taxa that are problematical in the molecular results: (1) Spooner et al. (2014) .
b Plant Introduction (PI) numbers are permanent numbers assigned to germplasm accessions in the National Plant Germplasm System (NPGS). Germplasm centers in the NPGS assign temporary site-specifi c numbers to newly acquired germplasm (Ames numbers for carrots and other Apiaceae maintained at the North Central Regional Plant Introduction Station in Ames, Iowa, USA) until an accession's passport data and taxonomy is verifi ed, it is determined not to be a duplicate accession, and it has been determined the accession can be successfully maintained. These accessions may or may not be assigned a PI number after the assessment period.
c Location refers to where the germplasm was collected in the wild, while source refers to germplasm acquired through another entity such as a market vendor or genebank.
Tunisia ( Le Floc'h et al., 2010 ) , Palestine ( Zohary, 1972 ) , Syria ( Mouterde, 1986 ) , and Turkey and the East Aegean Islands ( Cullen, 1972 ) . However, identifi cations in these taxonomic treatments frequently use different characters in their taxonomic keys and descriptions, have incomplete synonymies which preclude comparison of their taxonomic concepts, often have little information about geographic ranges, and lack distribution maps. In addition, there has been no single compilation of type specimens and many of the types lack the full range of plant parts necessary for unambiguous identifi cation. In summary, there has been no accepted standard to quantify and describe the huge range of variation in Daucus , and identifi cations are often problematic.
The present study expands the morphological analysis of Spooner et al. (2014) to include all Daucus species available as germplasm and used the same accessions examined by Arbizu et al. (2014) . In addition to phylogenetic insights needed for only subsp. carota and subsp. gummifer , not the 9-12 subspecies of D. carota recognized by other authors.
Daucus is an economically important genus, but is in need of modern taxonomic and monographic studies. The genus includes about 20 recognized species mostly centered in the Mediterranean area in contrast to the widespread Daucus carota that occurs on almost every continent. The haploid chromosome number for Daucus ranges from n = 9 to n = 11. Most species are diploids with 2 n = 18, 20, and 22, but two polyploid species have been reported ( Grzebelus et al., 2011 ) . The latest taxonomic monograph of Daucus by S á enz Laín (1981) lacks complete synonymies, distribution maps and phylogenetic data and cites few specimens. Practical identifi cations have relied more on fl oristic treatments such as those from Algeria ( Quezel and Santa, 1963 ) , Europe ( Heywood, 1968 ) , the Iberian Peninsula and Balearic Islands ( Pujadas Salvà, 2003 ) , Libya ( Jafri and El-Gadi, 1985 ) , Morocco ( Jury, 2002 ; Faris and Ibn Tattou, 2007 ) , with the aid of a dissecting microscope. As part of normal genebank operations at the NCRPIS, electronic images of leaves were generated on a fl atbed scanner; images of various plant parts were made from plants in the fi eld with a digital camera; and images will be available on the GRIN website (http://www. ars-grin.gov/). These serve as useful resources for others to conveniently check the morphology of our accessions and as supplements to the voucher specimens. Herbarium vouchers collected for this morphological study are a subset of the same accessions from Arbizu et al. (2014) but different specimens ( Table  1 ) and are deposited at the herbarium of the Potato Introduction Station, Sturgeon Bay, Wisconsin, USA.
Analytical methods -Thirty-eight of the 40 characters were scored and analyzed as continuous variables; the remaining two were treated as nominal variables ( Table 2 ). All analyses were conducted in JMP software version 10.0.0 (SAS Institute, Cary, North Carolina, USA). To examine character state distributions, we analyzed the accessions with the box plot or histogram functions of Graph Builder in JMP (Appendix S1; see Supplemental Data with the online version of this article).
For multivariate analyses, means were assessed for the continuous variables. We fi rst performed stepwise discriminant analyses (linear, common covariance) using all 38 continuous variables to obtain a model whose variables were signifi cant in identifying accession composition with characters removed one at a time until the model F test P value was ≤ 0.05. We then performed canonical variate analysis (CVA) and hierarchical cluster analyses (HCA) of (1) 
RESULTS
Character state distributions -Graphical analyses of all 40 character state distributions are shown in Appendix S1.
Stepwise discriminant analyses of the 38 characters coded as continuously variable showed all but fi ve of them (stipule width, foliage color, bract length, length of longest peripheral ray, barbs at tips of spines) to be signifi cant in the F test, P ≤ 0.05, in at least one of the six analyses of different groups of species ( Table 2 ) . Of the two nominal characters (petal color, anther color), yellow petals are unique to D. capillifolius , and red anthers are unique to Oenanthe virgata . Some characters showed little variation and little to no overlap or ranges of character states with many other characters, but most characters showed tremendous variation within some taxa and overlap of ranges across taxa. Examination of additional accessions, especially for those species with only few available accessions (e.g., D. glochidiatus , D. pusillus , Rouya polygama ) will be needed to make more defi nitive conclusions of character state variation. Figure 2 illustrates one of these 40 characters, plant height, showing cases of both narrow and wide ranges of overlap among characters. Despite character overlap, many characters were useful to distinguish taxa, but often only in combination with others.
Multivariate analyses -We employed both CVA and HCA to analyze our data because both distinguish taxa using different methods and assumptions and both are useful to visualize results and infer group membership, here inferred to be potentially valid taxa. The CVA is an ordination method that uses assigned groups to derive a linear combination of the variables (morphological characters) that produces the greatest separation of the groups. The HCA, in contrast, makes no assumptions about group membership; it produces trees based on average crop improvement, these combined molecular and morphological analyses are needed to organize the world's germplasm collections of Onno (1937) , who classifi ed the "subsp. gummifer " taxon as D. gingidium L., and the "subsp. carota" taxon as D. carota . It is also similar to the classifi cations of Small (1978) and Reduron (2007) , who recognized two "species aggregates", or "subgroups," within the single species D. carota . However, these authors recognized more subspecies than our two. On the basis of Arbizu et al. (2014) , we labeled accessions formerly identifi ed as D. broteri or D. guttatus as D. guttatus 1, 2, or 3.
Daucus observation plots -To ensure suffi cient plant populations in the observation plot, biennial and mixed life-cycle accessions were planted in the greenhouse in early November 2012. Seedlings were thinned to one per pot, and plants were fertilized weekly with a commercial liquid fertilizer . Roots were vernalized in the dark (4-5 ° C, 50-70% relative humidity) for approximately 60 d beginning in February 2013. A fungicide spray (Rubigan, DuPont, Wilmington, Delaware, USA) was applied at the beginning of vernalization and reapplied as necessary to prevent Botrytis blight. Roots were moved outside to a protected area in mid-April to allow them to develop new foliage. Annual accessions were planted in the greenhouse in late February 2013 and maintained using the same protocols as with the biennials without vernalization. Twenty plants per accession were transplanted into 6-m rows, one row per accession in each of two fi eld plots in late April. Harsh weather conditions (excessive rain, snow, and cold temperatures) following transplanting damaged or killed many of the annual accessions. As a result, additional seeds of the affected accessions were direct seeded by hand into a parallel furrow 30 cm from the transplanted row in late May. Field plots were maintained with small plot tillers and hand weeding.
Characters recorded -Forty characters were recorded from at least three individuals per accession ( Table 2 ) , and character sets were always recorded by the same individual. These characters were chosen to represent all those used in prior morphological analyses ( Small, 1978 ; Spooner et al., 2014 ) , the latest comprehensive monograph of Daucus ( S á enz Laín, 1981 ) , and regional fl oras outlined in the introduction. Size characters were recorded in the fi eld with a ruler or calipers, and fl oral and fruit characters were recorded in the laboratory [Vol. 101 D. glochidiatus , D. guttatus [subsets 1, 2, 3] 
, D. involucratus , D. littoralis , D. pusillus ).
All taxa-The sole purpose of this analysis was to see how well the Daucus outgroups (i.e., all non-Daucus species except Rouya polygama ) were separated from the ingroup.
Stepwise discriminant analyses identifi ed 28 of the 38 continuous characters as signifi cant discriminators within all taxa at the F -test P value ≤ 0.05 ( Table 2 ) . The HCA separated all outgroups similarity of all data. Because the clustering results differ with different sets of accessions, we performed both analyses (and stepwise discriminant analyses) with six different groups of putatively related taxa. We present the F -test P values of characters retained in a stepwise discriminant analysis of all six analyses in Table 2 , and all 12 CVA and HCA in Figs. 3-6 or Appendix S2 (see online Supplemental Data). For space considerations, we here present only the CVA and HCA results of analysis 2 ( Daucus ingroup) and analyses 4 (clade B species: ( Fig. 5 ) . The CVA clusters all species separately, with D. muricatus being the phenetically most distinctive species ( Fig. 4 ) .
Daucus guttatus subsets 1, 2, and 3-All three groups of D. guttatus are distinguished with the elimination of all other species (Appendix S2). They are best distinguished by number of bract lobe pairs (highest number in D. guttatus 3), peduncle pubescence (harshest in D. guttatus 1) and peripheral petal length (longest in D. guttatus 1) ( Table 2 , Appendix S1).
Daucus sahariensis and D. syrticus-Daucus sahariensis
and D. syrticus do not cluster in the HCA when analyzed separately, but do so in the CVA. The best characters separating these two species are stem diameter, primary umbel diameter, number of bract lobe points, central petal length, and stamen length ( Table 2 ) . However, all of these characters overlap considerably in range (Appendix S1).
except Orlaya daucoides , which grouped with D. muricatus . The CVA analysis, however, separated Orlaya daucoides from all Daucus species well, close to Oenanthe virgata and Rouya polygama (Appendix S2). Within the ingroup, Rouya polygama is distinct from other Daucus ingroups by both analyses.
Daucus ingroup (all Daucus and Rouya polygama)-
Deletion of the outgroups signifi cantly changed the phenetic structure of the ingroup in both the HCA ( Fig. 3 ) and CVA ( Fig. 4 ) . Rouya polygama and D. pusillus appear far from others in the HCA, while Rouya polygama and D. muricatus are phenetically most separate in the CVA ( Fig. 4 ) . Many ingroup taxa cluster in these analyses, concordant to their grouping in the multiple nuclear orthology phylogeny ( D. aureus , D. crinitus , D. involucratus , D. littoralis , D. muricatus ) . As in the phenetic analysis show that Rouya ( Pseudorlaya not examined here) was indeed distinct and reasonably excluded from Daucus on morphological criteria. Weitzel et al. (2014) recently showed, with ITS data, that Rouya polygama (misidentifi ed as Margotia gummifera in the studies of Spooner et al. [2013] and Arbizu et al. [2014] ) was a Daucus ingroup. They made the transfer of this species to Thapsia gummifera (Desf.) Spring. Problems in such paraphyletic genera in the Apiaceae are common. The Apiaceae comprise some 300-455 genera and 3000-3750 species ( Constance, 1971 ; Pimenov and Leonov, 1993 ) . Many generic boundaries within the Apiaceae are unnatural, as documented by molecular investigations based on DNA sequences from nuclear ribosomal internal transcribed spacers, plastid rpoC1 intron and rpl16 intron sequences, plastid matK coding sequences, plastid DNA restriction-site data, and DNA sequences from nuclear orthologs ( Plunkett et al., 1996 ; Downie et al., 2000 ; Lee and Downie, 2000 ; Spalik and Downie, 2007 ; Spooner et al., 2013 ) . Generic boundaries are particularly diffi cult in Daucus , as molecular data from the above studies place species from the genera Agrocharis ,
DISCUSSION
Daucus taxonomy traditionally has been diffi cult, as we infer from our continuing challenges with identifi cations at the NCRPIS and from different and often overlapping sets of character states provided in regional fl oras for the same species. Our raw data confi rm such a pattern of overlapping character states, traditionally used as species identifi ers ( Fig. 2 , Appendix S1) . Similarly, our multivariate analyses ( Figs. 3-6 ; Appendix S2) show diffi culty in distinguishing some taxa. Comparison of the multiple nuclear ortholog study of Arbizu et al. (2014 ;  Fig. 1 of this paper) and the analyses presented here shows both data sets are concordant regarding problems with distinguishing the subspecies of D. carota , D. sahariensis and D. syrticus , and D. broteri and D. guttatus , here considered as three putatively different taxa and labeled as D. guttatus groups 1, 2, and 3. While some characters showed little variation and little to no overlap with many other characters, most characters showed tremendous variation within some taxa and overlap of ranges across taxa, demonstrating that most Daucus species are distinguished by size and meristic variation, not the possession of unique traits (Appendix S1). 
